Results and Discussion
Myocardial and Pericardial Cells Misalign in slit and robo Mutants Drosophila has become an excellent model system to unravel basic genetic mechanisms of heart development that are relevant to vertebrates despite their more complex heart structures, as is exemplified by the transcription factor Tinman [1] [2] [3] [4] . Furthermore, early embryonic events of heart formation are remarkably similar between Drosophila and vertebrates, in that two bilaterally symmetrical strips of precardiac mesoderm fuse as a linear tube at the ventral or dorsal midline in both systems [1, 5] . Although there is much interest in understanding the basis of heart-tube assembly [6] , little is known about the underlying molecular-genetic mechanisms that orchestrate this and other morphogenetic processes. Drosophila Slit, an EGF-and LRR-containing secreted protein, is expressed in the heart [7, 8] , and thus may participate in heart morphogenesis. Slit functions as a repulsive ligand for the Roundabout (Robo) family of receptors in the CNS and acts both attractively and repulsively in trachea and somatic muscles [9] [10] [11] [12] [13] . In vertebrates, there are three slit and three robo genes [14] [15] [16] [17] [18] . Among them, Slit3 is expressed prominently in the developing atrial walls of the murine heart. A Slit3 gene-trap mouse exhibits abnormal heart formation, including an apparent enlargement of the right ventricle [19] . Whether or not this heart defect is secondary to other embryonic defects is not known, nor is the genetic or cellular mechanism underlying this phenotype. It is also not known which of the Robo receptors and other Slit proteins play a role in heart development.
To assess the role of Slit in Drosophila heart, we analyzed slit null-mutant embryos (slit 2 ) by labeling the heart with antibodies against Dmef2, a muscle-specific transcription factor expressed in all myocardial and other muscle cells [20, 21] . When the bilateral rows of myocardial progenitors have reached the dorsal midline, they fail to align properly in slit mutants compared to wildtype ( Figures 1A, 1B, and 1J) . A similar phenotype is observed in robo,robo2 double-mutant embryos ( Figures  1D and 1J ). In contrast, only subtle alignment defects are found in robo or robo2 single mutants ( Figures 1C  and 1J ). Unlike robo or robo2, robo3 mutants in combination with robo or robo2 do not cause additional heart defects (data not shown), and thus robo3 is unlikely involved in cardiac development. Similar alignment phenotypes were observed with nmr H15 lacZ reporter, a marker for myocardial nuclei [22] [23] [24] , in slit mutants ( Figures 1E-1I ). Although the dorsal migration of the myocardial progenitors does not seem to be affected, their highly regular arrangement is already perturbed before they reach the midline, as manifested in gaps and double rows ( Figures 1E and 1F) . Visualization of the pericardial cells with Zfh-1 [25] shows that their alignment with the myocardial cells is also perturbed in slit-robo mutants (Figures S1A-S1E in the Supplemental Data available with this article online). At stage 16, two types of phenotypes can be distinguished: Type I consists of irregular cell arrangements ( Figure 1H) , and type II, in addition, has large gaps ( Figure 1I ). These two types of phenotypes are found in roughly equal proportion in slit and robo,robo2 double mutants ( Figure  1J ). These defects are unlikely caused by abnormalities in cardiac lineage specification or in ectodermal epithelium formation during dorsal closure (Figures S1F, S1G, and S2; data not shown).
*Correspondence: rolf@burnham.org Expression and Specificity of Slit and Robo in the Developing Heart Given the cardiac abnormalities of slit and robo mutants, we examined the expression pattern of slit and its receptors in the developing heart. Slit protein is first detected in the heart at stage 14, uniformly distributed within the myocardial cytoplasm (Figures 2A, 2A 0 , and 2I). As the bilateral rows of cardiac progenitors align at the dorsal midline, Slit accumulates at the contact sites between them ( Figure 2B, 2B 0 , and 2I). Like Slit, Robo initially displays a similarly uniform cortical localization within myocardial cells ( Figures 2C, 2C 0 , and 2I). Once they reach the midline, Robo enriches strongly at the dorsal (apical) surface of the cell ( Figures 2E and 2E 0 and insets). In contrast, Robo2 is present in pericardial cells located ventrally to the myocardial cells ( Figures 2D, 2D 0 , 2H, and 2I). Unlike Slit and Robo, Robo2 does not accumulate at the midline but remains in pericardial cells ( Figures 2F  and 2I ). In robo mutants, however, robo2 is ectopically expressed in myocardial cells and enriches at the dorsal midline ( Figure 2G ), similar to Robo in wild-type embryos. Thus, robo2 apparently compensates for a myocardial loss-of-robo function, and this compensation is consistent with their redundant requirement in cardiac morphogenesis (see Figure 1J ).
Although Slit and Robo are indeed expressed in the heart, indirect effects cannot be ruled out because they function in multiple tissues [10, [26] [27] [28] . To address whether slit/robo acts autonomously within the heart, we performed tissue-and cell-type-specific rescue experiments. We found that slit and robo expression within myocardial cells is sufficient to rescue the slit and robo,robo2 phenotype, respectively, in promoting normal heart morphogenesis ( Figure S3 ).
Slit Concentration at the Midline Is Crucial for Myocardial Cell Alignment
Because slit and robo are expressed at the cardiac midline and are required for heart cell alignment, we wondered if local mislocalization of these proteins also causes cardiac morphogenesis defects. Myocardialspecific (tinCD4-driver) or pan-mesodermal (twi24B-driver) overexpression of slit does not produce significant cardiac alignment defects or only with low penetrance (7%, n = 32), respectively ( Figure 3A) , suggesting that augmenting Slit levels in myocardial cells hardly perturbs cardiac cell alignment. Mesodermal robo overexpression, however, results in frequent alignment defects ( Figure 3C ), as does ectopic expression of slit in pericardial cells ( Figures 3A, 3E, and 3E 0 ). Interestingly, in those embryos that exhibit virtually normal cardiac alignment, Slit accumulates continuously at the cardiac midline ( Figures 3D and 3D 0 ). In contrast, the embryos with significant abnormalities also mispattern Slit (Figures 3E and 3E 0 ). Precise midline accumulation of Slit thus seems to be critical to correctly align and assemble the heart tube.
Because we observed similar cardiac misalignment defects in robo,robo2 as in slit mutants ( Figures 1B  and 1D ), we wondered whether Slit accumulation is affected in robo,robo2 embryos. Indeed, without robo and robo2, Slit no longer concentrates evenly at the contact point between the myocardial cells ( Figures 3F and  3G) . Thus, loss of Robo receptors compromises Slit accumulation at the dorsal midline. When robo2 is misexpressed in myocardial cells by using tinCD4-Gal4, we observed a premature midline accumulation of Slit (Figure 3H) , and upon contact of the bilateral cardiac rows, Slit no longer concentrates at the cardiac midline (Figure 3I ). It may be also that misexpressed Robo2 receptors trap Slit in the cytoplasm and prevent its proper secretion. When Robo or Robo2 is expressed throughout the mesoderm, the Slit pattern is also severely disrupted (data not shown), and the heart tube is frequently misaligned ( Figure 3C ). Because pan-mesodermal expression of slit is of little consequence, it may be that the localization of Robo is crucial for Slit accumulation at the midline. However, slit mutants do not exhibit correct Robo patterning either ( Figures 3J and 3K) , thus implying that slit is necessary but not sufficient (or instructive) for Robo localization.
slit Is Required for Apical-Lateral Polarity Acquisition of the Heart Tube Previous reports suggest a role of cardiac cell-polarity acquisition in heart morphogenesis [22, 29, 30] . Failure to correctly polarize the cardiac epithelium may result in misalignments that are independent of the earlier specification and differentiation events [22] . To study the polarity of the cardiac epithelium in slit mutants, we first examined Dlg, which localizes to the basolateral sides of myocardial epithelium before contact of the bilateral rows is established ( Figures 4A and 4A 0 ), and to the apical-lateral sides after contact ( Figures 4C  and 4C 0 ) [22] . Unlike in the dorsal ectoderm ( Figure S2 ), cardiac Dlg localization is severely compromised in slit mutants as the bilateral heart primordia come in contact ( Figures 4D and 4D 0 ). Because a polarity phenotype is manifest only upon heart-tube assembly ( Figures 4B,  4B 0 , 4 D, and 4D 0 ), slit does not appear to be required for guiding the cardiac epithelium to the dorsal midline or for initiating its polarity before contact, but rather for correctly switching its polarity from basal-lateral to apical-lateral (diagram in Figures 4A and 4C) . Examination of myocardial polarity of slit mutants with two other basal-lateral to apical-lateral makers, a-Spectrin and Armadillo, shows defects similar to those observed with Dlg (data not shown). In addition, we examined the transmembrane protein Toll, which is present on the apicallateral surface of myocardial cells during, but not before, the cardiac alignment process ( Figure 4E ) [31, 32] . As with Dlg, a-Spectrin, and Armadillo, Toll protein is no longer restricted to the apical-lateral sides of the myocardial cells in slit mutants (Figures 4E and 4F) . Toll mislocalization can be rescued by expressing a slit transgene in the hearts of slit mutants ( Figures S3N  and S3N 0 ). The disruption in apical-lateral patterning of all cell-polarity makers we examined suggests an important function of slit in polarity acquisition and maintenance. Consistent with this conclusion is the accumulation of Slit and Robo at the dorsal myocardial midline ( Figures 2B and 2E) , which potentially mediates the switch in myocardial cell polarity as a prerequisite for heart-tube formation.
In contrast to the apical-lateral localization of the previous markers, Dystroglycan (Dg) is heavily enriched at both apical and basal sides of myocardial membrane, but is excluded laterally [22] . Interestingly, in slit mutant hearts, polarized Dg localization does not seem to be significantly altered despite the severe cardiac morphogenetic defects ( Figures 4G and 4H ). This is in contrast to Tbx20 neuromancer (nmr) mutants, in which myocardial polarity is also disrupted, including Dg localization [22] .
Genetic Interaction between slit and Cell-Polarity Genes We anticipate that there are numerous molecules involved in generating or maintaining cardiac cell polarity in conjunction with slit/robo during heart morphogenesis, but mutants of some key factors may be early lethal or have pleiotropic effects. Thus, we chose to study genetic interactions between cell-polarity genes and slit in relation to cardiac morphogenesis. For this purpose, we made various transheterozygous combinations between slit and polarity genes that are expressed in the heart [22, 30] , including dg, dlg, and shortgun (shg, encoding E-cadherin, and mutants previously shown to have cardiac defects [30] ). As single heterozygotes, they do not have detectable heart abnormalities, but removal of one copy of slit and dg, shg, or dlg results in defective cardiac morphogenesis (Table 1 ). In contrast, crumbs(crb) does not interact with slit in the heart, which is consistent with the lack of (polarized) Crb localization in the cardiac epithelium ( Figure S2 ). Taken together, these observations suggest that slit and cell-polarity genes cooperate in aligning the myocardium. Slit/Robo localization is also perturbed in nmr mutants ( Figure S4 ), suggesting that Tbx20-mediated transcriptional activities also influence Slit/Robo localization in the heart.
Possible Autocrine Mechanisms of Robo/Slit Function in Heart Formation
Slit is well known as a repellent signal that emanates from the CNS midline and patterns axon tracks, muscles, and tracheal branches [10-13, 26, 27] . Slit can also act as an attractant [26, 27] , but in all cases seems to be secreted from another cell type than its receptors. In contrast, during Drosophila heart morphogenesis, both Slit and Robo originate from the same cells, i.e., from the cardiomyocytes as they align at the dorsal midline. During this apparently autocrine process, Slit ligands and Robo receptors relocalize from the myocardial circumference to accumulate between the bilateral cell rows (Figure 2) , mediating aligned adhesion between these rows. It is presently unknown how Slit and Robo relocalize to the apical side of the heart, but this process is likely to require the function of cell-polarity genes, such as dlg and others, that genetically interact with slit (Table 1 ) and are repolarized themselves (Figure 4) . It may also be that a Slit molecule can bind Robo receptors on both sides of the midline, perhaps in a cooperative manner, which would then lead to a progressive accumulation of both receptors and ligands at the midline and thus to a precise alignment of the bilateral rows. This is reminiscent of the attractive Robo-Slit interaction during muscle patterning: Robo is made in the muscles of adjacent segments and accumulates at the Slit-secreting muscle-attachment sites between the segments [27] . Regardless of the difference in cellular origin, Slit may bind Robo receptors across the segment boundary, just as we propose Slit may interact with Robo proteins across the midline between the myocardial rows. Such a Robo-Slit-mediated adhesion process is also consistent with the observed myocardialepithelium repolarization, which would bring the bilateral rows of cells in close proximity. In slit mutants, morphogenetic defects not only include failed alignments but also double alignments and intercalation. Thus, mutant cardiomyocytes often reach the midline and get in close proximity with the contralateral side but then seem to intermix. Therefore, we propose that Robo-Slit act as heterophilic cell-adhesion molecules mediating coordinated stereotyped alignment as well as inhibiting cell mixing. In conclusion, we propose that Slit/Robo proteins act in concert with cell-polarity genes in guiding and maintaining myocardial (and pericardial) cell alignment, which is likely a prerequisite for later morphogenetic events, such as formation of a continuous cardiac lumen precisely at the position of Slit localization. . Overexpression of transgenes was achieved by using the UASGal4 system [36] . The following drivers were used: twi-Gal4 (twi>), 24B-Gal4 (24B>; [36] ), the double combination twi-Gal4;24B-Gal4 (twi24B>; pan-mesodermal expression. twi-Gal4 drives expression in all mesoderm cells from stage 9 onward until stage 12 and 24B-Gal4 in the cardiac and somatic mesoderm from stage 10/11 on; data now shown), tinCD4-Gal4 (in tinman-expressing myocardial cells; [37] ), eme-Gal4 (in even skipped-expressing pericardial cells and DA muscles; [38] ), 69B-Gal4 (ectodermal expression; [36] ), elav-Gal4 (pan-neuronal expression), and prc-Gal4 (pericardial expression).
The following UAS lines were used: UAS-slit [10] , UAS-robo, UAS-robo2 [11] , UAS-nmr2RNAi, and UAS-nmr2 [22] . 
Immunohistochemistry
Antibody staining was performed as described [38] . Cy3-or FITCconjugated secondary antibodies (Jackson Labs) were used for fluorescent confocal microscopy. All the secondary antibodies were used at 1:200. Embryos with fluorescent staining were mounted in VectaShield (Vector Laboratories) and preparations were analyzed with Zeiss LSM510 and Biorad MRC-1024MP confocal microscopes.
The following primary antibodies were used in this study: rabbit anti-Robo2 [11] ; rabbit anti-Toll [31] ; mouse anti-Lbe, 1:40 [39] ; rabbit anti-Eve, 1:300 [40] ; rabbit anti-Tinman, 1:1000 [41] ; rabbit antib-Galactosidase, 1:2000 (Cappel); mouse anti-b-Galactosidase, 1:500 (Sigma); rabbit anti-DMef2, 1:2000 [21] ; and rabbit anti-Dystroglycan (DG) 1:2000 [34] . The following primary antibodies used are all from Hybridoma Bank, University of Iowa: mouse anti-Slit 
